Abstract: Modeling of High Intensity Focused Mtrasotrnd (HIFU) propagation and its related heating effects in tissue has usually been studied under the assumption of linear acoustics. Nevertheless, nonlinear propagation can lead to important differences in the acoustic intensity, the heat deposition rate and the resulting tissue temperature depending on the extent of nonlinearity achieved in a HIFU field. Our computer simulations, based on a Khokhlov-~bolotskaya-Kuznetsov (WK) equation method for sound propagation and the Bio-Heat transfer equation for temperature generation, show the signi ftcance of these differences for an existing transducer for acoustics hemostasis in a Iiver mode} both in the absence and in the presence of a blood vessel.
INTRODUCTION
Contrary to diagnostic ultrasound for imaging purposes, where low intensities and short pulses are used, High Intensity Focused Ultrasound for therapeutic purposes makes use of significant longer pulses and much higher initial pressure magnitudes on the face of the transducer, These properties, combined with the transducer's geometric focusing gain and tissue's physical characteristics may cause a shock to develop during the propagation of the sound wave. The degree to which a shock forms distinguishes between weakly-and strongly-nonlinear waves and it is responsible for deviations of the intensity and heat deposition rate of the acoustic field from the ones predicted by linear theory. An analysis of the importance of these deviations is reported hereafter.
METHODS
Finite difference methods were used to simulate both acoustic and heating effects, The wave propagation model is based on a fully nonlinear, two dimensional, WK equation method in the frequency domain [1] . Harmonics , up to the 50th, were included to correctly capture shock formation during the ultrasound transmission and model the frequency dependent attenuation in biological media. The initializing data were based on an existing transducer for acoustic hemostasis of 3.5 MHz center frequency, 3.5 cm focal distance and 2.3 cm aperture. The transducer is axisymmetric and gaussian amplitude shaded with a focusing gain of 20.
The heat generation rate (H) was computed as H=2M for linear acoustics waves and H=-div(I) for nonlinear acoustic waves, where I is the acoustic intensity and a is the absorption coefficient. The heat generation rate forces the Bio-Heat transfer equation (BH~) which predicts the development, movement and dissipation of heat within biological tissue. Two coupled expressions of the B~were used, one for the tissue domain and the other for the blood domain as described in [2] .
The tissue (liver) was modeled both with and without the presence of blood flow in art artery or vein. It was also perfused by a capillary bed. The attenuation coefficient was set at 0.31 Np/cm for liver and 0.031 Np/cm for blood, while the perfusion value was kept constant at 0.02~cmA3/s [3] .
For the case where a blood vessel is present, the transducer is placed such that its axis coincides with the vessel axis, with the blood flowing towards the transducer.
RESULTS
Numerical results indicate a significant difference in the prediction of heat generation rate between linear and nonlinear acoustic wave propagation. This difference dramatically increases as the initial pressure Po on the face of the transducer increases, giving rise to steeper shock formation in the wave, hence generation of more harmonics, whose attenuation, therefore heat production, is increasingly significant. Figure 1 shows a plot of heat generation rate H versus initial pressures Po both for the linear and the nonlinear propagation. For the weatiy nonlinear case (0.9 MPa, nonlinearity=O.75) we see that the values of H are almost one and a half times the values of H computed from linear theory. As we increase the initial pressure, entering in the strongly nonlinear regime, the ratio rapidly jumps to more than three for Po of 1.2 MPa (nonlinearity=l) and of about seven for Po of 2.4 MPa (nonlinearity= 2).
The greater amplification factor for strong nonlinearities is mainly due to the nonlinear attenuation of the shocks whereas for weak nonlinearity a more effective attenuation of the harmonics allows only for minimal changes. Figure 2 presents the spatial temperature profile of liver, for the weakly nonlinear case, in the absence (left) and presence (right) of a blood vessel after the transducer was on for 0.3 seconds. As shown on the key, as is plotted on the left, we can see that temperature is high enough to change the physical characteristics of the biological medium and it is reached in a very short time even for weak norr]inearities.
This change may as well have an impact on the properties of the propagation of the acoustic wave and needs to be taken into account for adequate prediction of bio-effects [4] .
Furthermore, the magnitude of the temperatures and the speed at which they are reached raise concerns about collateral effects FIGURE 2. Spatial temperature profile (DegC) of liver, for weakly nonlinear wave propagation @o = 0.9 MPa), in the absence (left) and presence (right) of a blood vessel after the transducer was on for 0.3 seconds such as tissue boiling and cavitation that can completely change the environment and the expected results . The plot on the right, on the other hand, underlines the effect of blood as a heat sink. It can be seen that the cooling effect of the blood flow does not allow the peak temperature to reach the same levels as in the absence of the vessel. Moreover, the combined effect of advection, conduction and flow in the blood shift the spot of highest temperature from the focal point in the direction of the flow, in this particular case towards the transducer. This shifting effect is very important because, if not accounted for, one might be deceived in believing the energy and the temperature rise is being delivered to a different position. CONCLUSIONS
It is important to properly account for the details of nonlinear wave propagation and absorption to achieve adequate prediction of the heat generation rate. The heat generation rate in a nonlinear regime can reach values many times bigger than what linear theory can account for and increases dramatically with increasing degrees of nonlinearity. H~can create high temperatures quickly enough that both cavitation and alterations of the acoustic environment must be considered.
Biological structures also effects HIFU-induced temperature rise in tissue and can be responsible for spatial shifts of the hottest spot.
